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AN INTRODUCTION TO CRISPR-MEDIATED GENOME EDITING IN FUNGI BERNSTEIN AND VYAS
The precision of this technique comes from the specificity of the 20 base guide RNA, which binds to complementary DNA bases at the target site. Since there are 4 possible bases in DNA (represented as A, G, C, and T), there are 4 20 different 20 base pair sequence combinations-that's over a trillion! The human genome is between 3-4 billion bases and the yeast Saccharomyces cerevisiae genome is roughly 12 million bases long. A 20 base pair sequence is enough to uniquely target a large fraction of the genome, while repeated sequences can be more challenging. It is easy and inexpensive to change the sequence CRISPR targets by changing the sequence of the guide RNA. In addition, for cutting to happen at any given 20 base pair sequence, there is one additional requirement -the presence of a 3' protospacer adjacent motif (PAM) sequence (Figure 2) . For Cas9, the PAM sequence is NGG, where N is any base (A, G, C, or T). In the examples below (Figure 2) , three distinct PAM sequences are labeled. PAM sequences offer an additional level of protection against nonspecific cleavage, since DNA cleavage will not happen if they are not present. After the Cas9/gRNA complex finds its corresponding DNA binding site, cleavage occurs on both DNA strands. Green triangles indicate cleavage sites. The cell's DNA repair machinery uses the repair template to fix the double stranded break. The repair template must disrupt the Cas9/gRNA nuclease recognition elements (gRNA binding site and/or PAM) for genome editing to occur. If the recognition elements were to remain, the nuclease could potentially bind and cleave the target sequence again.
In this lab we are going to edit the genome of the budding yeast S. cerevisiae. People have been using yeast for thousands of years for making bread, wine, and chocolate -in recent years, it has also proven useful for the production of fuel ethanol, medicines (e.g., insulin), as well as important commodity chemicals from renewable sources (instead of fossil fuels). Much of our current understanding of basic cellular processes including DNA replication, cell cycle, and transcription were first established in yeast, and to this day it remains an important model organism for processes that are conserved through eukaryotes, including humans. As a model, S. cerevisiae has several important characteristics: it grows quickly, has a well described genome, displays readily observable phenotypes, and is inexpensive to maintain. We will use CRISPR to insert a stop codon into the ADE2 gene (part of the adenine biosynthesis pathway) and examine how mutagenesis of ADE2 changes S. cerevisiae phenotype. Mutations in ADE2 lead to the buildup of a precursor in the adenine biosynthesis pathway that turns the yeast a bright red color ( Figure 3 ). (It should be noted that while this exercise targets ADE2, any gene can be targeted by CRISPR in S. cerevisiae or a number of other yeast species by altering the guide and repair template sequences.) 
Objectives of the Investigation
Upon completion of this investigation, you should be able to:
List and Describe roles for each component of CRISPR mediated genome editing.
Identify PAM sequences and Guide RNA (gRNA) sequences in DNA.
Outline the steps of a yeast transformation.
Perform CRISPR mediated genome editing on S. cerevisiae.
Describe how changes in genotype caused by CRISPR effect S. cerevisiae phenotype.
Analyze S. cerevisiae transformants to determine which have been edited by CRISPR.
Compare and Contrast Nonhomologous End Joining and Homologous Recombination as mechanisms of DNA cleavage repair.
Discuss how genome editing could be used to improve human life and the challenges the scientific community faces to ensure genome editing is used responsibly.
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Pre Lab Questions:
1. What organism will we be mutating in this lab? 2. What gene will we be mutating in this lab, and how will we be mutating it?
3. How will we distinguish organisms that have a mutation in the target gene vs those who do not? Figure 2 , find five additional guide+PAM sequences that are not already labeled:
In the sequence in
Guide Sequence (5'3') PAM sequence 1.
2.
3.
4.
5.
5. Why must the repair template destroy the recognition sequence for genome editing to occur? What are the two types of recognition sequences that can be changed to accomplish this? 6. Find and read an article in the news that refers to CRISPR. Be prepared to discuss during the incubation and heat shock portions of the laboratory. AN Figure 4 ) greater than 10μg is best (For plasmid key see below)
Plasmid Key: CEN/ARS -yeast centromere sequence enables replication of the plasmid in S. cerevisiae URA3 -auxotrophic marker, allows BY4741 which normally cannot grow without uracil to grow without uracil CaCas9 -gene encoding the Cas9 nuclease NAT r -antibiotic resistance marker, allows for yeast to grow in the presence of the antibiotic nourseothricin gRNA -site where a guide RNA could be cloned gADE2 -guide RNA targeting ADE2 ade2* -repair template that places a stop codon in ADE2
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Methods:
S. cerevisiae Transformation Protocol: 1) Grow overnight YPD culture of S. cerevisiae at room temperature, ideally to Optical Density 600nm (OD600) less than 6. Serial dilutions of overnights are helpful to ensure an overnight is at the appropriate OD when the lab period begins. Higher ODs will still likely transform but will be less efficient.
Strains that work well for transformation include but are not limited to:
• BY4741 or BY4743 strains classically used in yeast genetic laboratories 2) Pellet 5 OD of cells per transformation by spinning 5 minutes at 5000 RPM in a bench top centrifuge in a 1.5 ml tube. (For example, if you have 1ml of yeast at OD 600 = 5 this is equal to 5 total OD and would be enough for one transformation. If your overnight culture is at OD 600 = 2.5 you will need to pellet 2 mls of cells to have 5 total ODs.) 
5)
Add to a 1.5 ml tube the following in the order listed: 
10)
Suspend in 100μL YPD, allow cells to recover anywhere from 10 minutes to overnight. The longer the recovery the more transformants you will have.
11)
Plate each transformation on a separate petri dish containing appropriate media by pipetting onto the petri plate and spreading using a cell spreader or glass beads, as directed by your instructor. If using ura-strains such as BY4741, plate onto media lacking uracil Synthetic Complete -Uracil (SC -Ura) if using a prototrophic strain such as a brewing or baking strain plate onto YPD containing 100 μg/ml nourseothricin.
12)
Colonies will appear and accumulate red color over the next 2-7 days and students should count colonies and record their results in data table 1 during this time period or during the next class. 
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Data
Tips for improving transformation efficiency:
Use more plasmid: Maxi and mega preps are excellent, cost-effective ways to generate large amounts of plasmid.
Allow cells to recover after heat shock for longer. You can let the cells recover overnight before plating if your class schedule allows.
Electroporation is often more efficient than heat shock. Protocol can be found in Vyas et al. (2018) . 3. Assemble all of the other components for the media in a separate flask and heat to 65°C in a water bath. 4. Combine the agar and the other components of the media mix them by swirling briefly. If you add cold media to boiling agarose you will make a mess and you may burn yourself from boiling over media.
AN INTRODUCTION TO CRISPR-MEDIATED GENOME EDITING IN FUNGI BERNSTEIN AND VYAS
5.
Place the mixture back in the water bath at 65°C. 6. If media starts to solidify you can microwave again at this point to dissolve. 7. Once media has cool such that you can touch it with latex gloves for 10 seconds without burning yourself you can add antibiotics. Adding antibiotics to media that is boiling will denature the antibiotics. 8. Label plates with color code on side, I usually also label roughly five plates with the type of plate they are and the date on the lid. 9. Plate media into petri plates (roughly 20 ml per plate) If you do this when the media is too hot it will melt the plates and they will stick together. 10. Let cool on the bench top until solid. 11. YPD they should be left overnight or two nights on the benchtop to dry before being used or put away at 4°C. In most trials, pVG1 gave less transformants/µg than pV1382. While pV1382 does express Cas9 and a guide RNA, the guide does not target the nuclease to cut the yeast genome, while pVG1 has a guide that targets Cas9 to cut at the ADE2 gene. This cutting of the DNA, is toxic to the cells. Only a subset of the cells properly repair the DNA with the repair template. Instructors should be curve the grading of this to suit the level of the class.
7. If we were to mutate a S. cerevisiae gene that is not in the adenine biosynthesis pathway, would you expect mutants to be red? If not, how could you determine if you correctly mutated your intended gene?
No, sequence the DNA of your potential mutants.
Thought Questions:
1. Cas9-mediated DNA cleavages can be repaired in two principle ways: 1) Homologous recombination, which uses a repair template 2) Nonhomologous end joining, which does not use a repair template, and relies upon resection of the ends of the DNA followed by ligation of these resected ends. How can you determine which method of repair is used in any individual transformant/colony?
Sequence the DNA and look to see if your repair template sequence has been in corporated into the genome. If so the yeast have used HR.
2. You have identified a fungus with a diploid genome and discover a variation in sequence between the alleles of the ADE2 gene where your gRNA would bind. Describe two ways you could alter your experiment such that you could still mutate both copies of ADE2.
Sequentially use two different guide RNAs and repair templates that would each target one allele. Alternatively find a region of the gene that is identical between alleles and target it with the same guide sequence.
3. CRISPR is becoming more and more widely used in a variety of organisms including mammals. Describe one potential benefit and one potential hazard/risk that could come about through genetic engineering. Briefly discuss steps the scientific community could take to ensure that they can realize these benefits while limiting the hazards.
Example benefit --curing disease, making models of disease to test in the lab Example hazard -unforeseen side effects of making changes to patients DNA causing cancer.
Open dialogue in the scientific community discussing the limits and risks that are considered acceptable in our culture. Potential moratoriums on certain types of editing, Ex germ line editing.
